The synthesis of the Lycopodium alkaloids (-)-cermizine B, (+)-serratezomine E, and (+)-luciduline using phenylglycinol-derived tricyclic lactams as chiral scaffolds, is reported. The requisite lactams are prepared by a cyclocondensation reaction between (R)-or (S)-phenylglycinol and the substituted δ-keto ester 11, easily accessible from (R)-pulegone. The factors governing the stereoselectivity of these cyclocondensation reactions are discussed. Key steps of the synthesis from the stereochemical standpoint are the stereoselective elaboration of the allyl substituent to an (S)-2-(piperidyl)methyl moiety and the stereoselective removal of the chiral inductor to give a cis-decahydroquinoline.
Introduction
The decahydroquinoline (DHQ) ring system is a common structural feature present in a large number of biologically active natural products. Unlike most alkaloid types, DHQ-containing alkaloids occur not only in plant species (e.g., phlegmarine in Lycopodium and myrioxazine A in Myrioneuron) 1 but also in other terrestrial (e.g., pumiliotoxin C and gephyrotoxin 287C in amphibians and arthropods) 2 and marine (e.g., cylindricines, lepadiformines, and lepadins in tunicates and flatworms) 3 organisms ( Figure   1 In particular, Lycopodium alkaloids can be grouped in four main structural classes, namely, lycopodine, lycodine, fawcettimine, and phlegmarine (also called the miscellaneous class), each one named after their most representative member. The phlegmarine-type alkaloids are characterized by a cis-or trans-decahydroquinoline ring system with a 7(R)-methyl substituent and a (2-piperidyl)methylderived appendage at C-5 with both possible relative stereochemistries ( Figure 2 ). In some members, the piperidine ring is oxidized to a nitrone or a pyridine, and in a few cases the DHQ 3-and 5-positions are connected by an oxidized two-carbon unit. Phlegmarine is believed to be the key intermediate in the biosynthesis of all Lycopodium alkaloids. 
Scheme 1. Access to Decahydroquinoline Alkaloids from Chiral Aminoalcohol-Derived Tricyclic Lactams
From the stereochemical standpoint, crucial steps in our syntheses of pumiliotoxin C and lepadins were a stereoselective cyclocondensation reaction of (R)-phenylglycinol with a cyclohexenone-derived δ-keto ester and the subsequent stereoselective hydrogenation of the resulting rigid cis-fused tricyclic lactams 1 6, 9 (Scheme 2). The configuration of the bridgehead carbons in 1 results from the irreversible lactamization of the intermediate oxazolidine A (in equilibrium with other three diastereoisomeric oxazolidines via the corresponding dienamine), through a chair-like transition state in which the ester chain avoids repulsive interactions with the R (A 1,2 strain) and C6H5 substituents. Trans-fused lactams cannot be formed due to steric constraints. In turn, the hydrogenation of the C-C double bond of unsaturated lactams 1 takes place stereoselectively from the most accessible face to give lactams 2, with a 4a-H/5-H trans relative configuration (when R ≠ H; DHQ numbering).
Scheme 2. Stereoselective Access to Phenylglycinol-Derived Oxazoloquinolone Tricyclic Lactams

Results and Discussion
We report herein our studies on the enantioselective synthesis of phlegmarine-type Lycopodium alkaloids using phenylglycinol-derived tricyclic lactams as chiral scaffolds. Only a limited number of enantioselective synthesis of these alkaloids have been reported to date.
10-12
In a first approach, we envisaged unsaturated lactam 1a as a suitable starting material, because its allylic oxidation should afford an enone, from which the substituents at the DHQ C-5 and C-7 positions could be incorporated in a stereocontrolled manner. In the event, treatment of 1a with SeO2 13 afforded allylic alcohol 3 as a single stereoisomer, 14 which was further oxidized under Dess-Martin conditions to give enone 4 in high took place at the exocyclic methylene carbon instead of the endocyclic DHQ C-7 position to give ketone 7c in excellent yield (Scheme 4). A similar oxidation from 1b gave aldehyde 7b in nearly quantitative yield. Steric factors probably account for the regioselectivity of the oxidation. Aldehyde 7b was efficiently converted in two steps to the silyl derivative 8, the TIPS analog of the intermediate 1d in our synthesis of lepadins.
6
Scheme 4. Regioselective Exocyclic Allylic Oxidation
The desired regioselective endocyclic allylic oxidation of unsaturated lactam 1c was accomplished, although in moderate yield, by manganese(III) acetate-catalyzed oxidation using TBHP as the cooxidant. Although the above approach would allow the stepwise preparation of tricyclic lactams bearing substituents at the DHQ C-5 and C-7 positions, en route to phlegmarine-type alkaloids, at this point we turned our attention to an alternative, more efficient approach based on the direct generation of such disubstituted lactams using appropriately substituted cyclohexanone-derived δ-keto esters in the reaction with (R)-or (S)-phenylglycinol. These keto esters would be accessible by a conjugate addition to enone 9, which already incorporates the methyl substituent with the (R) absolute stereochemistry characteristic of the target alkaloids (Scheme 5). yield, in a process that involves the epimerization of the configurationally labile stereocenter to the ketone group.
23
The DHQ 4a-, 5-, and 7-carbons in lactam 12a had the required configuration for the synthesis of (-)-cermizine B, an alkaloid isolated from the club moss of Lycopodium cernuum.
24
To complete the synthesis, it was only necessary to stereoselectively install the (S)-(2-piperidyl)methyl moiety by manipulating the allyl substituent and generate the cis fusion for the DHQ system by stereoselective cleavage of the oxazolidine ring.
The S stereogenic center α to the amino group of the DHQ C-5 substituent was installed by reaction of N-sulfinyl imine 13 with allylmagnesium bromide, 25 which led to sulfinamide 14 as a single stereoisomer in 96% yield. Compound 13 was prepared from lactam 12a by RuCl3/NaIO4-promoted 26 oxidative cleavage of the allyl group, followed by Ti(O-i-Pr)4-mediated condensation of the resulting aldehyde with (R)-(+)-tert-butanesulfinamide 27 (Scheme 6).
Scheme 6. Enantioselective Synthesis of (-)-Cermizine B
The six-membered heterocyclic ring of the DHQ C-5 side chain was assembled from sulfinamide 14 in the three steps: cleavage of the sulfinyl group by acidic methanolysis, acylation of the resulting primary homoallylic amine with acryloyl chloride to give diene 15 (67% overall yield), and a final ring-closing metathesis reaction (83% yield). After catalytic hydrogenation of the C-C double bond of dihydropyridone 16 and methylation of the resulting piperidone, treatment with LiAlH4-AlCl3 caused both the reduction of the piperidone and perhydroquinolone lactam carbonyls and the stereoselective reductive cleavage of the oxazolidine C-O bond to give cis-DHQ 17 in 57% overall yield. A final debenzylation by catalytic hydrogenation afforded (-)-cermizine B, whose NMR spectroscopic data matched those reported for the natural product. 24, 28 The above successful result prompted us to develop a similar sequence for the synthesis of (+)-serratezomine E, a cis-DHQ alkaloid isolated from the club moss Lycopodium serratum var. serratum Table 1 , entry 1), the reaction of 11 with (S)-phenylglycinol was not stereoselective, affording (78% yield) a nearly equimolecular mixture of the expected lactam 18b
and its diastereoisomer 18a (entry 2).
30
To gain insight into the factors governing the stereoselectivity of the above cyclocondensation reactions, we studied the reaction of 11 with 2-aminoethanol, which lacks the phenyl substituent of the amino alcohol moiety, as well as other cyclocondensations using δ-keto esters 19 and 20 (mixtures of C-2 diastereoisomers), related to 11 but lacking one of the substituents at the cyclohexanone ring. The results are summarized in Table 1 . The reaction of 11 with 2-aminoethanol afforded an 85:15 mixture of lactams 21a and 21b (entry 3).
23
Taking into account that lactamization of both possible oxazolidine precursors C and D (R Our synthetic luciduline showed NMR data and a specific rotation coincident with those reported 11 for the natural product. Given that luciduline had previously been converted into nankakurines in the racemic series, 36 the above synthesis also constitutes a formal total synthesis of (+)-nankakurines A and B.
Scheme 8. Enantioselective Synthesis of (+)-Luciduline Conclusion
Phenylglycinol-derived tricyclic oxazoloquinolone lactams have proven to be multipurpose scaffolds for the enantioselective synthesis of structurally diverse DHQ-containing alkaloids. The results reported in this paper demonstrate that these lactams can be successfully used to assemble phlegmarine-type Saturated aqueous NaHCO3 (60 mL) and saturated aqueous Na2S2O3 (60 mL) were added, and the mixture was stirred for 45 minutes. The layers were separated, and the aqueous solution was extracted with CH2Cl2. The combined organic extracts were dried and concentrated. added. After 30 minutes, the mixture was cooled to -65 ºC, and compound 6 (see below; 20 mg, 0.06 mmol) in anhydrous THF (300 µL) was added dropwise. The mixture was allowed to warm to -50 ºC, and stirring was continued for 2 h. 1 M aqueous HCl was added, the phases were separated, and the aqueous phase was extracted with CH2Cl2. The combined organic extracts were filtered over Celite®, and the solvent was evaporated. Flash chromatography (4:6 hexane−EtOAc) afforded compound 5 (15 mg, 75%) as a yellowish oil.
(3R,7aS,8R,11aS)-8-Butyl-5-oxo-3-phenylperhydrooxazolo[2,3-j]quinoline (2c): 1 st step. BF3·Et2O (5 µL, 0.04 mmol) was added to a solution of ketone 5 (44 mg, 0.13 mmol) and 1,3-propanedithiol (20 µL, 0.194 mmol) in anhydrous CH2Cl2 (2.0 mL), and the mixture was stirred at room temperature for 16 h. 2 M aqueous NaOH was added, the phases were separated, and the aqueous phase was extracted with
CH2Cl2. The combined organic extracts were washed with brine, dried, and concentrated to afford crude dithiane.
the slurry suspension was heated to reflux for 23 h. After cooling to room temperature, 5% aqueous HCl was added, and the resulting suspension was filtered over Celite®. 
Methyl (2R,4R)-2-allyl-4-methyl-6-oxocyclohexanepropionate (11):
(3S,7aS,8R,10R,11aS)-8-Allyl-10-methyl-5-oxo-3-phenylperhydrooxazolo[2,3-j]quinoline (18a) and (3S,7aR,8R,10R,11aR)-8-allyl-10-methyl-5-oxo-3-phenylperhydrooxazolo[2,3-j]quinoline (18b):
(S)-Phenylglycinol (1.7 g, 12.6 mmol) was added to a solution of keto ester 11 (2.0 g, 8.39 mmol) and elimination of water by a Dean-Stark system. After 24 h, the mixture was cooled to room temperature and concentrated, and the resulting oil was taken up in EtOAc. The organic solution was washed with saturated aqueous NaHCO3, 1 M aqueous HCl and brine, dried, and concentrated. Flash chromatography (from 9:1 to 7:3 hexane-EtOAc) afforded pure lactams 18a (1.15 (29): 1st step. 1 M HCl in Et2O (4.14 mL, 4.14 mmol) was slowly added to a stirred solution of sulfinamide 28 (738 mg, 1.66 mmol) in anhydrous MeOH (2 mL).
After 1 h, the solvent was evaporated, and the resulting amine HCl salt was used without further purification in the next step. 4H, 5H, 3H, 1H, 4H, 2.66 (dd, J = 6.2, 18.6 Hz, 1H, 1H, 3.85 (t, J = 8.6 Hz, 1H, 4.51 (t, J = 8.8 Hz, 1H, 5.30 (t, J = 8.2 Hz, 1H, 6.26 (s, 1H, NH), 2H, 1H, (m, 2H, H-Ar); methyl}decahydroquinoline: LiAlH4 (3.57 mL, 1 M in THF, 3.57 mmol) was added to a stirring solution of AlCl3 (147 mg, 1.10 mmol) in anhydrous THF (10 mL) at 0 ºC. After 10 minutes, the mixture was allowed to warm to room temperature and stirred for an additional 30 minutes. The mixture was cooled to -78 ºC, and after 10 minutes a solution of the above piperidone (218 mg, 0.55 mmol) in anhydrous THF (3.0 mL) was added. (m, 2H), 3.10 (brs, 1H), 3H), 4.19 (brs, 1H), 3H, 2H,  CH-Ar); 13 C-NMR (CDCl3, 100.6 MHz) δ (ppm): 16.8 (CH2), 17.5 (CH3), 18.9 (CH2), 23.4, 25.6 (CH2), 27.2 (CH), 28.4 (CH2), 28.5 [OC(CH3) Methyl (4aR,5S,7R,8aS)-1,7-dimethyl-2-oxodecahydroquinolin-5-acetate (33): 1st step. 10% aqueous solution of NaIO4 (4.1 mL) and RuO2·nH2O (3 mg, 0.02 mmol) were added to a stirred solution of 32 (246 mg, 0.83 mmol) in EtOAc (1.6 mL). After 17 h, EtOAc (1.5 mL) was added, the organic layer was separated, and the aqueous phase was extracted with EtOAc. The combined organic extracts were filtered over Celite®, and the filtrate was dried and concentrated to give a crude lactam acid.
2nd step. TFA (630 µL, 8.3 mmol) was slowly added to a stirring solution of the above acid in anhydrous CH2Cl2 (8.3 mL) at room temperature. After 1 h of stirring, the solvent was evaporated and the residue was taken up with anhydrous DMF (8.3 mL). NaH (99 mg, 4.13 mmol) was added to the solution, and the resulting suspension was stirred at room temperature for 1 h. Then, MeI (256 µL, 4.13 mmol) was added, and the stirring was continued for 48 h. Saturated aqueous NH4Cl was added, the mixture was diluted with CH2Cl2, the layers were separated, and the aqueous phase was extracted with CH2Cl2. The combined organic extracts were washed with brine, dried, and concentrated. Flash chromatography (+)-Luciduline: 1st step. LiAlH4 (1.25 mL, 1 M in THF, 5.88 mmol) was added to a stirring solution of 34 (55 mg, 0.248 mmol) in anhydrous Et2O (15 mL) at 0 °C, and the mixture was stirred at reflux temperature for 1 h. After cooling, water was slowly added at 0 °C, and the resulting mixture was diluted with EtOAc. The phases were separated, and the aqueous phase was extracted with EtOAc. The combined organic extracts were dried and concentrated to give crude alcohol.
2nd step. A solution of the above residue in acetone (1.6 mL) was added at room temperature to Jones reagent (2.5 mL) freshly prepared by dissolving CrO3 (700 mg) in water (5 mL), H2SO4 (1.2 mL), and acetone (100 mL). After 30 min, water was slowly added at 0 °C, and the resulting mixture was basified with 3 M aqueous NaOH. The aqueous solution was extracted with EtOAc, and the combined organic extracts were dried and concentrated. 8, 16.4 Hz, 1H) .
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